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abstract
We introduce a novel and simple modulation technique to tailor optical beams with a customized amount of orbital angular momentum (OAM). The technique is based on the modulation of the angular spectrum of a seed beam, which allows us to specify in an independent manner the value of OAM and the shape of the resulting beam transverse intensity. We experimentally demonstrate our method by arbitrarily shaping the radial and angular intensity distributions of Bessel and Laguerre-Gauss beams, while their OAM value remains constant. Our experimental results agree with the numerical and theoretical predictions.
Introduction
Beam shaping studies the techniques to modify either the amplitude or phase of a light beam [1] . Particular attention has been devoted to manipulate the amount of orbital angular momentum (OAM). The OAM of light beams was presented by Allen et al. [2] in his seminal paper about Laguerre-Gauss beams. The OAM contained in a Laguerre-Gauss is proportional to the topological charge and is generated by an azimuthal phase distribution of the form exp(i ϕ). This opened a large number of applications in optical trapping, manipulation, and communications [3, 4] .
There are several methods to generate light beams with OAM. We can use spiral phase plates, superposition of Hermite-Gauss modes, PancharatnamBerry phase optical elements (e.g. q-plates), and spatial light modulators (SLM) [5] . These methods usually generate light beams containing integer values of OAM. Custom values of OAM, e.g. fractional values [6] , have been realized in the optical spectrum using plasmonic vortex elements [7] , whereas in the extreme ultraviolet spectrum through high harmonic generation [8] . An application of fractional OAM is shown by Alexeyev et al. [9] , where they study the propagation of a fractional vortex beam through an optical fiber.
In this work, we introduce a versatile method to tailor the transverse shape of a light beam, while maintaining its OAM fixed at a given value, not necessarily integer. Moreover, we can specify a particular value of OAM, i.e. it is not restricted to integer numbers. Our experimental method finds its theoretical basis on the work by Martinez-Castellanos et al. [10] .
Description of the beam shaping approach
It has been demonstrated that the z component of the OAM per photon and per unit length of a paraxial beam U (r, z) is given by [10] 
where r = (r cos ϕ, r sin ϕ), k = (ρ cos φ, ρ sin φ),Ũ 0 is the Fourier transform of a seed beam U 0 (r, z) with null OAM, A(ρ, φ) is an algebraic function in Fourier space, ∂ φ is the partial derivative with respect to φ, and dk = dk x dk y . The function A is the Fourier representation of a general creation operator A(∂ x , ∂ y ) that acts on the seed beam such that U =ÂU 0 . Equation (1) can be further simplified for functions of the separable form
. This condition leads to
We also consider that Ω has the form
where Θ(φ) is a particular phase modulation and m ∈ R. Expressing Ω(φ) in this form yields
For our experiments we set the following phase modulation:
where a, b, and c are positive real numbers. With this choice for Θ, it turns out that 1 2π
and hence for integer values of b, ∂ φ Θ dφ = 0 and the content of OAM is exclusively determined by m. Therefore, the phase modulation with b ∈ Z provides a degree of freedom to shape the angular symmetry of U without altering its OAM. Furthermore, the seed beam U 0 and the radial function R(ρ) provide control over the radial symmetry. For example, according to the seed beam, if R(ρ) = 1 and Θ(φ) = 0, we can produce fractional-or integer-order Laguerre-Gauss and Bessel beams.
There is an intuitive interpretation of U = F −1 [AŨ 0 ] in combination with Ω = mφ + Θ in Eq. (3). The resulting beam U can be seen as the result of Ω diffracted by the angular spectrum of the seed beam. The value of OAM is given by the spiral phase mφ, whereas the shape of |U | 2 is determined by the symmetries of Θ. Notice that m ∈ R is not necessarily an integer number. This interpretation is illustrated in Fig. 1 . The phase modulation Ω in Eq. (3) is equivalent to the superposition of a spiral phase with a wavefront Θ. The spiral phase determines the value of J z whereas Θ shapes the intensity of the resulting beam U , which results from the diffraction of Ω with the angular spectrum of the seed beam. Figure 2 shows a schematic of the experimental setup. We apply the technique developed by Arrizon et al. [11] , which uses an amplitude-only liquid crystal spatial light modulator (SLM) to generate arbitrary complex fields. Given the algebraic function A, the beam amplitude U is calculated with the inverse Fourier transform of AŨ 0 , i.e. U = F −1 [AŨ 0 ] (cf. [10] ). We use a collimated and linearly polarized He-Ne laser (632.8 nm) and a transmissive SLM (HOLOEYE model LC2002). The spatial filter system (SF) before the SLM cleans the beam transverse intensity and creates a uniform Gaussian beam. The beam polarization is oriented parallel to the SLM director axis using a half-wave plate (HWP). A linear polarizer (LP) is placed after the SLM to eliminate the unmodulated polarization component. The beam U is encoded in a computer generated hologram (CGH) which is displayed in the SLM. A combination of a 4f system with an aperture is implemented to decode U from the first diffraction order, as shown in Fig. 2(a) . The intensity pattern |U | 2 is recorded using a CCD camera. The phase information, i.e. arg(U ), is obtained from the interference pattern between the first and zeroth diffraction orders, as shown in Fig. 2(b) . We implemented a phase retrieval algorithm following the work by Takeda et al. [12] .
Experimental arrangement and results
In the examples that follow, we use three types of seed beams: a Gaussian 
and a zeroth-order Bessel beam (BB) ∼ J 0 (k t r). In Eq. (7), n is the radial index that defines the order of the associated Laguerre polynomial L 0 n and thus the number of intensity rings. For a fair comparison between the LGB and BB seeds, the transverse wavevector k t = 2 √ 2n + 1/w 0 is chosen so that both seed beams have equivalent radii [13, 14] . Furthermore, we choose R(ρ) = 1 for the LGB and BB seeds, and R(ρ) = ρ 2 for the GB seed [10] . Figure 3 shows the results for the case with m = 3.5 and Θ = 0 in Eq. (3), which gives J z = 3.5. Thus, the transverse modulation is defined by the seed beams. First, second and third rows show the resulting beam profiles for the GB, LGB, and BB seeds, respectively. For the LGB case we set n = 5. The figure shows the simulated beam profile using U = F −1 [AŨ 0 ] and the experimental measurements. In both cases we calculate the value of J z using the formal definition [15] 
The value of J z for the results shown in Fig. 3 turns out to be 3.40 for both the simulation and experimental measurements, and for all seed beams. The small difference in the value of J z , as compared with the theoretical value of 3.5, is attributed to the discretization of the transverse plane. Nevertheless, there is a good agreement with the theory. Figure 4 shows our second example. We set again the value of J z = 3.5 but we choose Θ = 2 sin(5φ). The simulations are shown in Fig. 4(a) and the experimental measurements in (b). Notice that the phase modulation Θ is revealed in the pentagonal symmetry of the intensity pattern. The calculated value of J z for the GB and BB seeds shows excellent agreement between the simulation and the experimental measurements. However, the LGB seed presents a disagreement of about 0.38 between the simulation and the experiment.
Our last example shows a beam profile with a triangular symmetry. It is generated by choosing Θ = 8 sin(φ) 3 . Once more, we set the value of J z to 3. 
Conclusions
We have introduced a method that allows us to control in an independent manner the symmetry of the beam transverse intensity and its amount of OAM. We found a simple expression to modulate the angular spectrum of a seed beam without affecting the OAM. The modulation is given by Eq. (5), which provides the shaping parameters a, b and c. From Figs. 4 and 5, we can see that the shaping parameters b, c determines the polygonal shape of the beam. In general, the shape is determined by the product of b with c. The parameter a resembles a focusing factor. For example, in the Fourier domain the operation of a cylindrical lens is given by exp(i sin(φ) 2 /f ), where f is the focal length. Thus, by comparison, a ≡ 1/f behaves as a focusing parameter. We emphasize that the value of J z is ultimately determined by the seed beam and the algebraic function A, as it is prescribed by Eq. (8) . However, Eq. (4) gives a simple expression where it is straightforward to see the relevant parameters that can be modified without affecting the OAM. Our method can find applications in optical tweezers where we can manipulate the particle trajectories according to the beam shape [16] . 
